In the standard description of light propagation through a nonmagnetic medium -a solution of Maxwell's equations incorporating the frequency-dependent dielectric permittivity ε(ω) -photons are just accompanied by an alternating-current (AC) density wave. From a classical perspective, the latter is formed by electrons oscillating around their equilibrium positions, so it does not possess a net momentum. Here, we show that quantum mechanics predicts instead a net momentum associated with the AC current-density wave, which manifests in the emergence of an electric direct current (DC). Unveiling this momentum allows us to unambiguously resolve the century-old controversy on the photon momentum inside a medium. The quantum model further enables us to explicitly calculate the ratio of momentum distributed in matter and electromagnetic fields for relevant types of classical media and even in materials supporting unconventional quantum states. Our findings provide fundamental new understanding on the behavior of light and photon-coupled polaritons in material media.
In the standard description of light propagation through a nonmagnetic medium -a solution of Maxwell's equations incorporating the frequency-dependent dielectric permittivity ε(ω) -photons are just accompanied by an alternating-current (AC) density wave. From a classical perspective, the latter is formed by electrons oscillating around their equilibrium positions, so it does not possess a net momentum. Here, we show that quantum mechanics predicts instead a net momentum associated with the AC current-density wave, which manifests in the emergence of an electric direct current (DC). Unveiling this momentum allows us to unambiguously resolve the century-old controversy on the photon momentum inside a medium. The quantum model further enables us to explicitly calculate the ratio of momentum distributed in matter and electromagnetic fields for relevant types of classical media and even in materials supporting unconventional quantum states. Our findings provide fundamental new understanding on the behavior of light and photon-coupled polaritons in material media.
Despite the celebrated success of Maxwell's equations in predicting the behavior of light in different scenarios, the remaining fundamental controversy on the light momentum in a medium is still perplexing. The photon momentum in vacuum, q 0 , is well established in terms of the wave vector q 0 = ω/c. The problem arises when trying to determine the momentum of a photon propagating in a medium of refractive index n. Two possible solutions, n q 0 and q 0 /n, were proposed by Minkowski (1) and Abraham (2) , respectively, shortly after the formulation of Maxwell's equations, giving birth to a controversy that has been the subject of heated debate for over 100 years, from both theoretical (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) and experimental (14) (15) (16) (17) (18) (19) (20) (21) perspectives. Theoretical considerations are mainly based on examination of Maxwell's equations, without in-depth consideration of the microscopic response of the medium, resulting in two mutually-contradictory, yet internally self-consistent formalisms within the framework of Maxwell's equations. The Abraham-Minkowski (AM) controversy refers to the partition of momentum be- * Electronic address: deng.pan@icfo.eu tween field and matter in the interaction of light with macroscopic media. Recent studies speculate that the Abraham form stands for the momentum of the electromagnetic (EM) field (10) , while a momentum in matter is elusive from the perspective of Maxwell's equations and seems to be at odds with a classical perception, as provided for example by the Drude model, in which the charges are only found to harmonically oscillate around their equilibrium positions.
At a microscopic level, the momentum of photons is well understood in quantum theory, and in fact the law of momentum conservation governs all phenomena involving the interaction between photons and elementary particles, such as the photoelectric effect and Compton scattering. Momentum transfer also takes place in the photogalvanic effect, in which incident photons with energy lower than the work function of the material generate an internal photoelectric effect that results in an electric direct current (DC). This photogalvanic effect has been extensively studied in semiconductors (22) (23) (24) (25) and explained in terms of interband electron-hole pair excitations, while we note here that such DC current generation is in fact a general phenomenon occurring during light-medium interaction; for example, oblique light incident on a thin metallic film or graphene also gives rise to a DC current by transfer of momentum to conduction electrons (26, 27) . The understanding of these photoexcited DC currents is straightforward from the perspective of momentum conservation between quantized photons and electrons, but it cannot be explained only from Maxwell's equations simply because a DC current cannot be driven by the alternating electric field of monochromatic light. We argue that a full understanding of the momentum of photons propagating inside a medium, as well as that of states involving photons coupled to polaritons, requires us to consider the interactions between photons and a large number of charged particles in the materials, which can only be accomplished by accounting for the quantum nature of the optical media beyond the classical description provided by the refractive index n(ω) in the Maxwell equations.
Here, following a simple, yet unambiguous analysis based on fundamental aspects of quantum mechanics we show that the momentum of photons propagating in a medium is intrinsically associated with a component contained in the medium, which manifests as an electric DC current even in the absence of inelastic damping, arising from a similar mechanism as the photogalvanic effect. Through this analysis, we bridge the quantum description of optical media and Maxwell's equations, thus allowing us to explicitly calculate the ratio of momentum distributed in matter and the EM field. Our results confirm that, within the local response limit for both transverse EM waves propagating in a homogeneous medium and longitudinal waves such as plasmons in a 2D electron gas (2DEG) or graphene, the momentum distribution is in good agreement with the AM formalism; if nonlocal effects become important, particularly when the system supports strongly confined modes, such as acoustic plasmons in bilayer graphene, a substantially larger fraction of momentum is placed in the medium than predicted by the classical estimate. Our results pave the way to understand momentum in photon-coupled polariton states sustained by both conventional and nonclassical materials.
Results
Quantum description of optical media. Two typical scenarios for light propagation in optical media are shown in Fig. 1 : a plasmon polariton wave sustained by a 2DEG (Fig. 1a) , and a transverse EM plane wave propagating in a 3D bulk transparent dielectric medium (Fig.  1b) . In this study, we restrict our discussions to steady states of light propagating in infinitely extended systems. According to Maxwell's equations, in both scenarios, when only monochromatic light is involved, the time-harmonic electric field E(ω) induces a distribution of polarization vector P(ω) = χ(ω)E(ω) dictated by the material's electric susceptibility χ(ω), which consequently generates an alternating-current (AC) polarization density wave J AC (ω) = ∂ t P(ω). This wave is longitudinal in 2D plasmons and transverse in EM waves in a dielectric (black arrows and curves in Fig. 1a,b) . Additionally, the longitudinal J AC (ω) current in 2D plasmons gives rise to a charge-density wave via charge continuity (color scale, Fig. 1a ). The current-density wave J AC (ω) and the material's electric susceptibility χ(ω) comprise the whole description of optical media in the framework of Maxwell's equations.
In the realm of quantum theory, the formation of AC current-density waves J AC (ω) is the result of the photoexcited transitions among electron states in momentum space, as illustrated in Fig. 1c (examples of states in real space are shown by dashed curves in Fig.  1a) . From the analysis presented below, we also conclude that those transitions inherently generate DC currents (red arrows in Fig. 1a,b) , which account for the fraction of momentum distributed in the medium. A photon propagating inside a medium containing Bloch electrons is a coupled state described by a Hamiltonian H p + e(p · A + A ·p)/2m e +p 2 /2m e − eV (r), where terms from left to right stand for the energy of the free EM field, the light-matter interaction and the electrons in a model periodic ionic potential V (r). The electron states are Bloch waves defined as eigenfunctions ofp 2 /2m e − eV (r), namely ψ jk = e ik·r u jk (r)/ √ ν, where ν is a normalization volume in 3D or area in 2D, k is the Bloch wave vector, and u jk (r) is a normalized function with the same periodicity as the atomic lattice. Under the perturbation described by the minimal lightelectrons coupling term e(p · A + A ·p)/2m e , quantum transitions among electron states (color-filled circles in Fig. 1a,c) give rise to superposition wave functions Ψ(r, t) = c 1 ψ jk1 + c 2 ψ j k2 e −iωt . The electric current density described by Ψ(r, t) is easily evaluated as j = −eRe{Ψ * p Ψ}/m e , which gives rise to AC and (1)) whose directions are shown by black arrows in the bottom panel. The in-phase and out-of-phase superpositions of jAC,I and jAC,II transition currents result in the total longitudinal and transverse AC current-density perturbances observed in plasmons (a) and transverse EM waves (b). In plasmons, the charge-density waves (color scale in a) are formed by the quantum superposition of pairs of electronic quantum states ψ k and ψ k+q of momenta k and k + q (dashed curves; for illustration purposes both momenta are assumed to be alonĝ x). The resulting real-space charge-density −e |Ψ(x, t)| 2 is presented in the color scale. During the transitions shown in c, the medium also gains a net momentum, as revealed by an emerging DC electric current (see Eq. (2)).
DC components
respectively. The approximation in Eq. (1) is made for nearly free electrons, but the discussions below have general validity for rigorous solutions. The AC current (Eq. (1)) is a propagating wave characterized by a wave vector q = k 2 − k 1 (we take q = qx throughout this paper), while the current direction is aligned with the sum of momenta of initial and final electron states k 1 + k 2 (see bottom panel in Fig. 1c ). The DC currents, which is proportional to the total momentum of the electron, receives contributions from each Bloch state, p jki = ψ jki |p |ψ jki . The polarization current-density waves J AC (ω) entering the Maxwell equations must result from the sum of the AC current waves in Eq. (1) for all possible transitions in k-space (Fig. 1c) . For the plasmons and transverse EM waves considered in Fig. 1a,b , where the electric field is parallel and perpendicular to q, respectively, the AC currents in Eq. (1) produced by two transitions symmetrically distributed in k-space (j AC,I and j AC,II in Fig. 1c ) are in-phase or out-of-phase, so that the total current-density waves J AC (ω) are longitudinal or transverse, respectively. In addition, the charge-density wave in the plasmons can also be understood as a quantum superposition, as illustrated in Fig. 1a by considering two quantum states with k 1,2 both alongx (dashed curves, Fig. 1a) , where the charge density appears as a propagating wave −e |Ψ(x, t)| 2 = −2eRe{c * 1 c 2 e i(qx−ωt) }/ν (Fig. 1a, blue solid curve) . The polarization currentdensity turns out to be proportional to the optical electric field, and we can write J AC = ω 2 χ(ω)E(ω), which defines the electric susceptibility χ(ω) of the optical medium. This procedure reproduces the well-
where we include the contribution of the paramagnetic current in first term, ω p = N e 2 /νε 0 m e is the plasmon frequency, N is total number of charge carriers, K T and K L are transverse components of transition matrix elements K = u jk | k+q/2−i∇ |u j k+q , f jk and ω jk are the population and energy of the electron state with wave vector k and band index j, and γ is a small phenomenological damping rate of the material. In the local limit (q → 0), the contributions of intra-and interband transitions reduce to the Drude model and Lorentz model (29) , respectively. DC current associated with propagating light. Equations (1) and (3) constitute the standard description of nonmagnetic optical media in a quantum approach, which reduces the AC response to an electric susceptibility that enters Maxwell's equations. However, the DC current in Eq. (2) is not present in Maxwell's equations, and we show here that it is precisely this DC current what can help us to fully understand the momentum partition of photons in a medium. To this end, we find the nonvanishing total DC current J DC by summing Eq. (2) over all possible transitions, and consequently the total momentum in the medium is determined by the relation g ele = −m e J DC /e. We find
where i = y for T and i = x for L. We observe that J DC arises due to the intrinsic momentum distributed among the electrons. Although Eq. (4) is quadratic in the electric field, we note that it is not an ordinary optical nonlinear effect (30) , and therefore, it cannot be simply incorporated into Maxwell's equations through higherorder susceptibility components χ (2) , . . . obtained from higher-order quantum perturbation theory. In particular, this DC current should not be confused with the optical rectification effect, which results in a distribution of permanent dipole moments in a steady state.
We conclude from Eq. (4) that the DC current here revealed is a universal intrinsic phenomenon of light propagation in a medium, regardless of the light frequency and conductivity properties of the material. For free electron systems, such as plasmonic thin metal films (illustrated in Fig. 1a) or graphene, a DC current associated with the plasmons has been experimentally confirmed (27) . For an insulating medium with its Fermi energy located in the bandgap, as illustrated by the two lowest bands calculated in the Kronig-Penney model (31) in Fig. 2a (see periodic potential in the inset) , the optical response receives contribuions from interband transitions. A well-known photogalvanic effect takes place when the photon energy exceeds the bandgap energy ω > E g , so that the electrons are continuously excited to the conduction band, giving rise to a DC current. When the medium sustains the photogalvanic effect, it is strongly absorptive, as indicated by the singularity of Eq. (4) in the γ → 0 limit for ω = ω j k+q −ω jk with j = j (we note that a dissipation mechanism is indispensable to avoid a constant increase in the population of the conduction electron band). Rather unexpectedly, Eq. (4) also predicts the presence of a DC current in lossless transparent media, since in the low damping limit γ → 0 and for photon energy ω < E g Eq. (4) converges to a nonzero value. The fact that this DC current results from interband transitions seems to be at odds with the assumption ω < E g . However, one must keep in mind that the conduction band also contributes to the optical response when ω < E g (i.e., without inclusion of polarization due to interband transitions, light propagation is simply not affected by the medium, implying the unphysical result χ(ω) = 0 and n(ω) = 1 inside any transparent material). The process of light propagation in a transparent medium can be explained as follows: interband transitions are initially produced under light excitation due to small fluctuations (small but nonzero γ), and after a considerable long period of time (1/γ) the electron population in the conduction band reaches a steady-state distribution . In the steady state we are concerned with in this study, the quantum superposition of Bloch states across the band gap gives rise to a AC current wave in the time-harmonic Maxwell equations (Fig. 1b) and also to a DC current following the mechanism explained in Fig. 1 .
Momentum distribution in transverse EM waves.
With the electron momentum given by Eq. (4), we can clearly explain the AM controversy for transverse EM waves (Fig. 1b) by explicitly calculating the ratio of momentum distributed in the EM field and matter. The momentum of the EM field is determined by the Maxwell equations, which leads to g EM = E y H z /2c 2 = ε 0 E 2 y /2c (32). For a weakly absorptive (i.e., in the low damping limit γ ≈ 0) free electron system, fulfilling p k+q − p k = q, by comparing Eqs. (3) and (4), we can readily write the ratio between g ele and g EM as a simple expression (see Methods),
According to Minkowski's expression, the momentum of an individual photon in an EM plane wave is g M = n p q 0 , where n p (ω) = 1 + χ(ω) is the phase index, and χ(ω) is determined by Eq. (3). For a dispersive material, Abraham's form of the photon momentum is g A = q 0 /n g , where n g (ω) = d(ωn p )/dω is the group index. Taking these relations into consideration, the ratio in Eq. (5) reduces to g ele /g EM = (g M − g A )/g A , which unambiguously reveals that the Abraham form of the photon momentum only accounts for the EM field, while Minkowski's expression includes the momentum imparted to electrons, associated with a DC current, as show in Fig. 1b . The analysis above, made for free electron systems, is also applicable to light propagation in insulating media involving interband transitions. To show this, we again adopt a 1D Kronig-Penney model for illustration, and the momenta of electrons p x jk in the two bands (j = 1, 2) in Fig. 2a are calculated and shown in Fig.  2b . The two transitions around −k and k (black arrows in Fig. 2a ) yield a total electron momentum in Eq. (4) similar to free electrons, as concluded from the following considerations: in the local limit (q → 0), the energy difference between two states in Eq. (4) is approximately (ω 2,k −ω 1,k ); the sum of momentum difference Fig. 2b, black arrows) , using to the symmetry p x −k = − p x k , becomes equal to the change of momentum in an average function p x k = ( p x 1,k + p x 2,k )/2 (Fig. 2b, grey curve) , namely 2( p x k+ (Fig. 2b, grey arrows) , which results in a value of nearly 2 q (noticing the slope of the grey curve in Fig. 2b) ; the contribution of transitions near k = 0 to Eq. (4) is negligible due to the large energy difference. This resemblance results from the time reversal symmetry p −k = − p k , which is therefore also valid for 3D media supporting transverse EM waves. Following these considerations, we conclude that in the local limit the momentum carried by the DC current associated with illuminated Bloch electrons also accounts for the difference between Abraham and Minkowski momenta. Momentum of 2D plasmons. Equation (4) can also be applied to calculate the momentum distribution in the 2D plasmons shown in Fig. 1a . Results for the effective refractive index of the plasmon mode, defined by n neff (ω) = qc/ω, are shown in Fig. 3a as calculated for free-standing 2DEGs of different electron densities based on the electric susceptibility in Eq. (3) (for γ = 0). The simplicity of the 2DEG system also allows us to easily calculate the momentum associated with the EM field g ele by integrating E y H z /2c 2 alonĝ z. With the momentum in the electrons g ele determined in our quantum theory by Eq. (4), we finally obtain the ratio g ele /g EM to characterize the momentum distribu- tion in 2DEG plasmons. In Fig. 3b , we compare numerical results of g ele /g EM (solid curves) with the estimate obtained from the AM formalism, g ele /g EM = (g M − g A )/g A = n eff n g − 1 (dashed curves), where the Minkowski momentum is defined as g M = n eff ω, and the group index in the Abraham form g A = ω/n g is now n g = d(ωn eff )/dω.
As shown in Fig. 3b , the estimate given by the AM formalism is in good agreement with our quantum theory over a wide frequency range. In fact, we can analytically prove that in the local limit the electric susceptibility in Eq. (3) reduces to the Drude model and the electron momentum in Eq. (4) is exactly equivalent to the AM estimate n eff n g − 1. For higher frequencies, plasmons in the 2DEG show a large n eff (ω) and strong confinement, where nonlocal corrections are not negligible (e.g., the plasmon wave vector q is no longer negligible compared with the Fermi wave vector k F ), and as a result the quantum theory here presented deviates from the AM estimate n eff n g − 1.
Our quantum model can also be generalized to investigate the momentum of graphene plasmons (33) (34) (35) (36) , whose large wave vector compared with vacuum photons produces strong nonlocal effects (37) (38) (39) . The plasmon dispersion curves (Fig. 3c) and EM momentum g EM in freestanding graphene can be obtained from the above equations for the 2DEG simply by using the electric susceptibility of graphene, which can be obtained in a similar way as Eq. (3). Additionally, the electron momentum g ele in graphene, which is given by a similar expression to Eq. (4), involving intra-and inter-band transitions, is also associated with a DC electric current, which in fact has already been measured in experiment (27) . We find the ratio g ele /g EM obtained from this quantum model to be in good agreement with the AM estimate n eff n g − 1 (Fig. 3d) , while deviations between them increase for higher photon energy and lower carrier density, where nonclassical effects are present due to the higher degree of field confinement (i.e., larger n eff in Fig. 3c ).
Quantum nonlocal effects can also be induced by geometry, such as in acoustic plasmons (38) (39) (40) (41) . The refractive index n eff (ω) of acoustic plasmons supported by a bilayer graphene structure with a small separation d (see inset of Fig. 3e) is shown in Fig. 3e for different values of d. In the bilayer structure, the momentum of the field g EM is obtained by integrating E y H z /2c 2 over the three vacuum regions separated by the graphene layers, and the total electron momentum g ele is obtained by summing the contributions of the two graphene layers. The ratio g ele /g EM calculated from this quantum model is compared with the AM estimate n eff n g − 1 in Fig. 3f , where we observe considerable discrepancies at lower photon energy, which we attribute to the strong nonlocal effects in acoustic plasmons, as confirmed in experiments (38, 39) . At higher photon energies close to E F , the AM estimate n eff n g − 1 is only ∼ 50% of the value obtained in the quantum model.
Discussion
To summarize, we have shown that the long-standing controversy on photon momentum in optical media originates in the overlook on a universal DC electric current that accounts for the photon momentum component associated with the medium. This DC current is unexpected from a classical perspective; it has a quantum origin, but it is a direct consequence of the classical oscillatory current associated with polarization in an illuminated medium, as described by Maxwell's equations. The existence of this DC electric current is evidenced by a series of experimental observations, such as the photogalvanic effect in dielectric materials (22) (23) (24) (25) (e.g., semiconductors) and metals (26, 27) . In contrast to previously accepted results (18) , our study confirms that the partition of the momentum of a photon propagating in a medium into light and matter components is not arbitrary; the material component is associated with a gauge-invariant DC current, and consequently, it could be measured through the resulting static magnetic field or electric voltage that it generates.
Our study also offers insights into the optical force acting on real object. In infinite systems, the optical force acting on the atomic lattice can only arise from the interaction with the photo-excited current, through electron-photon interactions in an ideally periodic potential or also via random elastic electron scattering events. In finite systems, the spatially nonuniform charges accumulated by the current can exert a force on the atomic lattice via Coulomb interaction. A light pulse propagating in a material should also induce a DC current that is spatially nonuniform. When considering the coupling of electrons with the atomic lattice of the material, the pulse should induce local stress and compression in the medium. In addition, a DC current present in the polaritons sustained by a free-electron system excited by a localized source could cause a nonuniform electron distribution, such as in graphene plasmon generation assisted by a tip in SNOM measurements, and this electron nonuniformity could possibly lead to unexplored effects, such as a new dissipation mechanism.
Our study further reveals the existence of DC current loops when circularly polarized light or light beams carrying angular momentum are propagating in a medium. As a specific example, we claim the optical excitations on a small particle, such as localized plasmons on a nanosphere, to result from the superposition of internal quantum states with well-defined angular momentum, where the AC optical current leads to a circularly polarized electric dipole moment, and we predict an intrinsic DC current loop giving rise to a static magnetic field. This is in fact the generalization of the inverse Faraday effect to a free-electron system, and according to our theory a static magnetic field should instantaneously accompany the passage of a photon. This prediction should be testable in ultrafast time-resolved experiments.
Methods

Derivation of equation (5).
For transverse EM waves, the derivative of the electric susceptibility for monochromatic light of frequency ω in Eq. 
where the first two terms on the right-hand side are simply −χ T (q, ω). For a free-electron system, the momentum change between states in Eq. (4) is p k+q − p k = q, and taking into account g EM = ε 0 E maining third term in the above expression is equal to
